Autosomal dominant polycystic kidney disease (ADPKD) is a slowly progressive hereditary disorder that usually leads to end-stage renal disease. Although the underlying gene mutations were identified several years ago, efficacious therapy to curtail cyst growth and prevent renal failure is not available. Experimental and observational studies suggest that the mammalian target of rapamycin (mTOR) pathway plays a critical role in cyst growth.
A utosomal dominant polycystic kidney disease (ADPKD) affects approximately 1 of every 1000 persons in the general population 1 and develops, by means of slowly progressive renal-cyst growth, to end-stage renal disease in over 50% of patients. Hepatic and pancreatic cysts, as well as cerebral and abdominal aneurysms, contribute to ADPKD-associated morbidity and mortality. Arterial hypertension, recurrent urinary tract infection, nephrolithiasis, and abdominal pain are frequently the presenting symptoms. 2 Approximately 85% of patients with ADPKD have mutations in the polycystic kidney disease 1 gene (PKD1), whereas most of the remaining 15% have polycystic kidney disease 2 gene (PKD2) mutations and generally milder manifestations. 3 The PKD1 and PKD2 gene products -making up the polycystin protein complex -are located in the primary, nonmotile cilium, a microtubular organelle present on most cells in the body. 4 The polycystin protein complex translates mechanochemosensory signals; however, the precise molecular functions of the individual proteins, and thus specific therapies, have remained elusive.
Dysregulation of the mammalian target of rapamycin (mTOR) kinase is hypothesized to promote cyst formation and disease progression. The mTOR inhibitor sirolimus suppresses cyst growth and mitigates the increase in total kidney volume in animal models of cystic kidney disease [5] [6] [7] ; similar results have been reported for the mTOR inhibitor everolimus. 8 Two retrospective analyses of patients with ADPKD who had received a kidney transplant showed that treatment with mTOR inhibitors reduce volumes of both the kidney and liver, unlike other classes of immunosuppressive drugs. 6, 9 Although several drugs effectively suppress cyst growth in cystic animal models, there is a lack of medical therapy proven to slow the progression of ADPKD. In this study, we examined the use of everolimus in treating ADPKD.
Me thods

Study Design
We performed a randomized, double-blinded, placebo-controlled trial to test the efficacy of everolimus in ADPKD; an academic executive committee in collaboration with the medical and statistical staff of Novartis (the sponsor) designed the study. Data collection and management were the responsibility of the sponsor; patient safety was monitored by an independent data and safety monitoring board.
The institutional ethics committee at each site approved the protocol; all patients provided written informed consent. Everolimus (Certican) and placebo were provided by the sponsor. The study was conducted in accordance with Good Clinical Practice standards, including the Declaration of Helsinki (modified in 1996). Enrollment began on December 5, 2006 , and ended on September 18, 2007 . The unblinded interim analysis and the final analysis were performed by Winicker (Nuremberg, Germany), which provided the authors with unrestricted access to the data.
The manuscript was prepared by the principal (academic) investigator and revised by the authors. All authors agreed to submit the article for publication and assume responsibility for the accuracy and completeness of the data and analyses. The study was conducted in accordance with the protocol, including the statistical-analysis plan (available with the full text of this article at NEJM.org). The protocol-development committee, data and safety monitoring board, and study team are listed in the Appendix. Additional information regarding the investigators and study sites is contained in the Supplementary Appendix (also available at NEJM.org).
Study Population
Patients were recruited from 24 academic centers in three countries. Eligibility criteria were a clinical diagnosis of both ADPKD and stage II or III chronic kidney disease (i.e., an estimated glo merular filtration rate [GFR], calculated using the reexpressed Modification of Diet in Renal Disease formula, 10 of 30 to 89 ml per minute per 1.73 m 2 of body-surface area) or stage I chronic kidney disease (i.e., estimated GFR ≥90 ml per minute) plus an estimated single kidney volume exceeding 1000 ml. Exclusion criteria were sub arachnoid bleeding, severe infection, life-threatening urinary tract or cyst infection, severe liver disease, cancer, hypercholesterolemia (i.e., total cholesterol level ≥352 mg per deciliter [9.1 mmol per liter]), hypertriglyceridemia (i.e., triglyceride level ≥496 mg per deciliter [5.6 mmol per liter]), thrombocytopenia (i.e., platelet count ≤100,000 per cubic millimeter), and a medical condition necessitating long-term anticoagulation therapy.
Study Procedure
Eligible patients were randomly assigned, in a 1:1 ratio, to receive either everolimus at a dose of 2.5 mg twice a day or placebo (the equivalent number of tablets). Everolimus levels were centrally monitored, in the Clinical Chemistry Department at University Hospital Göttingen (Göttingen, Germany). The everolimus dose was set at levels that prevent organ rejection and was adjusted to achieve a trough level between 3 and 8 ng per milliliter; corresponding dose adjustments were made for placebo. Discontinuation of the study drug was permitted for 4 consecutive weeks, and a maximum of 8 cumulative weeks, within the 24-month study, a length of time postulated not to affect the primary outcome. Clinical chemical measurements, including creatinine levels, and spot urine samples were obtained at individual study sites at weeks 1, 2, and 4 and at months 3, 6, 9, 12, 18, and 24.
Safety Monitoring
The data and safety monitoring board reviewed the safety reports in an ongoing fashion and performed an interim analysis at 12 months, with the authority to terminate the study because of safety concerns or if there was a difference in the studydrug effect between the two groups with a P value below 0.01, as calculated with the use of a Bonferroni-type method with boundaries sufficient to maintain the overall significance of the study at a two-sided alpha level of 0.05. 11 The nominal twosided adjusted significance levels were 1% for the interim analysis and 4% for the final analysis. The data and safety monitoring board did not recommend altering or terminating the study on the basis of the interim data.
Outcome Measures
The primary outcome was the change in total kidney volume, as measured on magnetic resonance imaging (MRI). A protocol developed by the Magnetic Resonance Development and Application Center Freiburg (MRDAC) was used at all sites, according to published techniques (see the Supplementary Appendix for details). 12, 13 After the MRI scans were made anonymous by Clinstud (Hetlingen, Germany), they were evaluated by an independent reviewer at MRDAC who was unaware of the study-drug assignment, to determine total kidney and cyst volumes. The baseline kidney MRI was performed during the first week after enrollment, as well as at 12 and 24 months. The maximal interval between the baseline, 12-month, and 24-month visit and the performance of the MRI for that time point was 4 weeks. Patients who discontinued the study drug had a final examination and MRI scheduled.
Secondary outcomes were changes from the baseline value in the mean cyst and parenchymal volumes at months 12 and 24 and in renal function at month 24. Renal function was measured as the estimated GFR, the serum creatinine level, the urinary protein:creatinine ratio, and the incidence of newly developed end-stage renal disease. Other secondary outcomes were the safety and tolerability of everolimus, changes in blood pressure between baseline and 24 months, and overall survival.
Statistical Analysis
The study was designed to detect a 50% relative reduction in the annual increase in total kidney volume in the everolimus group as compared with the placebo group. Assuming that the increase in the mean (±SD) total kidney volume was 64±70 ml per year, 14 clinically meaningful improvement was defined as an increase in total kidney volume of 32 ml per year. We estimated that 130 patients would need to be enrolled in each study group to provide 90% statistical power to detect the 50% relative reduction, with a twosided significance level of 4%.
The sample size was set at 400 patients to allow for dropout, a larger-than-estimated standard deviation, or a smaller-than-expected studydrug effect. The intention-to-treat analysis included data for all patients randomly assigned to receive everolimus or placebo who underwent MRI at least once after the baseline visit. The data in the two groups were compared with the use of analysis of covariance. Missing values for the total kidney volume were imputed by means of a multiple-imputation procedure. 15 Changes in the estimated GFR were summarized on the basis of observed values, according to visit and study group. The annual rate of change in the estimated GFR was calculated as the slope of a linear regression model. The statistical-analysis plan, including the definition of subgroups for efficacy analyses, was finalized before the trial data were unblinded and analyzed. Major protocol violations, defined in the study protocol, were identified and assessed in a blinded data-review meeting before the database was locked, the study-drug assignment unblinded, and the data analyzed.
R e sult s Patients
A total of 392 patients were enrolled at 16 academic centers in Germany, 25 patients at 3 academic centers in Austria, and 35 patients at 5 academic centers in France. Of these 452 patients, 433 were randomly assigned to receive everolimus or placebo; 2 of the 433 withdrew consent ( Fig. 1 ). Of the remaining 431 patients, 329 (76.3%) completed the study. The dropout rate was higher in the everolimus group (32.7% of patients) than in the placebo group (14.7%). The two study groups were well balanced with respect to baseline characteristics ( Table 1 ). The mean age was 44 years, and 49% of the patients were women. Nearly all patients were white and had a family history of ADPKD. Patients received a diagnosis of ADPKD an average of 18 years before enrollment. Hypertension was present in 88% of patients. The mean estimated GFR was similar in the two groups. The urinary protein:creatinine ratio (for which protein was measured in milligrams per liter and creatinine in grams per liter) at baseline was 337 in the everolimus group and 398 in the placebo group. The baseline total kidney volume was 2028±1173 ml in the everolimus group and 1911±1153 ml in the placebo group.
There was a strong correlation between cyst and total kidney volume (r 2 = 0.92) ( Fig. 2A ) but a lack of correlation between baseline total kidney volume and estimated GFR (Fig. 2B) .
The mean trough level of everolimus in the everolimus group was 5.3 ng per milliliter (interquintile range, 2.9 to 6.6) ( Fig. 1 in the Supple-mentary Appendix). A total of 59% of the measurements were within the target range of 3 to 8 ng per milliliter, with 26% below and 15% above.
Changes in Total Kidney Volume
Among patients receiving everolimus, the mean total kidney volume increased from 2028 ml to 2063 ml at 1 year and to 2176 ml at 2 years, and among those receiving placebo, it increased from 1911 ml to 2061 ml and to 2287 ml, respectively. The mean changes in total kidney volume, calcu- lated on the basis of observed values, were 101 ml and 239 ml for the everolimus group and 157 ml and 319 ml for the placebo group at years 1 and 2, respectively. The least-square mean differences between the everolimus group and the placebo group, after adjustment for missing values, were 54 ml at 1 year (P = 0.02) and 71 ml at 2 years (P = 0.06) ( Fig. 2C and Table 2 ). The cyst volume increased by 76 ml at 1 year and 181 ml at 2 years in the everolimus group and by 98 ml and 215 ml, respectively, in the placebo group (Table 2 ). The least-squares mean differences between the everolimus group and the placebo group, after adjustment for missing values, were 22 ml at 1 year (P = 0.27) and 33 ml at 2 years (P = 0.28). The parenchymal volume increased by 26 ml at 1 year and by 56 ml at 2 years in the everolimus group; the corresponding changes in the placebo group were 62 and 93 ml ( Table 2 ). The least-squares mean differences between the everolimus group and the placebo group, after adjustment for missing values, were 36 ml at 1 year (P = 0.003) and 37 ml at 2 years (P = 0.11).
Effects on Secondary Outcomes
Renal Outcomes
The estimated GFR decreased by 8.9 ml per minute in the everolimus group and 7.7 ml per minute in the placebo group (P = 0.15) over the 2-year study period (Fig. 2D ). The annual decrement in the estimated GFR was 5.5 ml per minute in the everolimus group and 3.5 ml per minute in the placebo group, based on a linear regression model (P<0.001). The estimated GFR increased initially, but then declined more severely from 6 to 18 months, in the everolimus group than in the placebo group ( Table 1 in the Supplementary Appendix). Thus, during the first year of the study, although treatment with everolimus significantly slowed the increase in total kidney volume (P = 0.02), it was associated with a greater decline in the estimated GFR (by 5.4 ml per minute) than placebo (with a decline of 3.2 ml per minute) (P = 0.004) ( Table 1 in the Supplementary Appendix). These findings, together with the lack of correlation between changes in total kidney volume and estimated GFR (Fig. 2B ), indicate that slowing the progression of kidney enlargement does not necessarily improve renal function. End-stage renal disease occurred in one patient in the everolimus group. In addition, one 
Figure 2. Total Kidney Volume and Other Measures of Renal Function of the Study Patients with Autosomal Dominant Polycystic Kidney Disease.
Panel A shows the correlation (black line) between total kidney and cyst volume in the intention-to-treat population (all patients with at least one post-baseline MRI scan) (r 2 = 0.92). The dashed line is the line of identity. Panel B shows the correlation between the baseline total kidney volume and the estimated glomerular filtration rate (GFR) in all patients with baseline MRI data and a baseline estimated GFR measurement. Panel C shows the changes in total kidney volume in the intention-to-treat population, with a greater increase with placebo than with everolimus after 12 months (P = 0.02) and 24 months (P=0.06). Panel D shows the estimated GFR during the study, with an annual decrement of 5. patient in each of the two groups received a kidney transplant during the 2-year study period.
Proteinuria
The mean urinary protein:creatinine ratio at baseline was 337±478 in the everolimus group and 398±1058 in the placebo group. At 2 years, the mean ratio was similar in the placebo group (393±936) but had increased to 564±1177 in the everolimus group (P = 0.008) (Fig. 2 in the Supplementary Appendix). Between baseline and 2 years, the percentage of patients with subnephrotic proteinuria (i.e., a urinary protein:creatinine ratio of 300 to <3000) increased from 22.7% to 34.7% in the everolimus group and from 18.2% to 24.3% in the placebo group. By 2 years, nephrotic proteinuria (i.e., a urinary protein:creatinine ratio of ≥3000) had developed in three patients in the everolimus group and one patient in the placebo group.
Lipid Profile
As anticipated, over the 2-year study period, everolimus treatment led to an increase in the total cholesterol level, from 205 to 228 mg per deciliter (5.3 to 5.9 mmol per liter), and in the triglyceride level, from 133 to 204 mg per deciliter (1.5 to 2.3 mmol per liter); lipid profiles were unchanged in the placebo group (Table 3A in the Supplementary Appendix). The use of lipid-low-ering agents, in approximately 13% of the study patients before enrollment, increased to 39.9% in the everolimus group and to 21.3% in the placebo group after enrollment (P<0.001) ( Table 3B in the Supplementary Appendix).
Adverse Events and Death
Everolimus treatment was associated with known side effects, including leukopenia, thrombocytopenia, and hyperlipidemia ( Table 3 ). The rates of acne and stomatitis were higher with everolimus than with placebo, and these conditions occurred during the first months of the study. Despite its immunosuppressive action, everolimus was not associated with a significantly increased number of infections. In particular, the number of urinary tract infections was similar in the two groups. Angioedema occurred in 12 of 214 patients (5.6%) in the everolimus group, all among patients who were also receiving angiotensin-converting-enzyme (ACE) inhibitors. After the data and safety monitoring board issued a directive to shift patients from ACE inhibitors to angiotensin-receptor blockers before receiving everolimus, no further cases of angioedema were reported. Diuretics were used slightly more often in the everolimus group than in the placebo group; the increased use of diuretics was probably the result of peripheral edema, diagnosed in 44 of the 214 patients (20.6%) treated with everolimus and in 20 of 217 patients (9.2%) treated with placebo. The change from baseline in the systolic blood pressure at 24 months was −2.0 mm Hg in the everolimus group and −1.5 mm Hg in the placebo group (P = 0.76); the corresponding changes in diastolic blood pressure were −2.7 mm Hg and −2.6 mm Hg (P = 0.89). Two patients (0.9%) in the everolimus group died. One died from pancreatic cancer. The other had severe mitral regurgitation, and progressive heart failure developed during the study; the patient died from cardiogenic shock 18 days after discontinuation of everolimus. One patient (0.5%) in the placebo group died, from pancreatic cancer.
Discussion
The lengthy clinical course of ADPKD makes it difficult to develop effective preventive treatment. Renal function is maintained for many years, despite progressive cyst growth and the loss of normal tissue. Not until total kidney volume reaches 1500 ml does kidney enlargement correlate predictably with the decline in the GFR The New England Journal of Medicine -at a decrement of 5% per year (or approximately 5 ml per minute per year). 14 We studied patients with large kidneys and renal dysfunction to determine whether everolimus slows the increase in total kidney volume in patients with ADPKD. As compared with placebo, everolimus slowed the increase in total kidney volume during the first year (P = 0.02), but the significant effect was not maintained after 2 years, possibly owing to the numbers of patients who left the study prematurely and had missing data for total kidney volume ( Table 4 in the Supplementary Appendix). In contrast to a recently published study, 16 in our study, everolimus also slowed the increase in parenchymal volume; the use of computed tomography in that study instead of MRI may explain this difference. Our linear regression model predicted a steep annual decline in the estimated GFR among patients receiving everolimus, owing to the significantly accelerated deterioration in renal function between months 6 and 18. However, the estimated GFR did not differ significantly between the everolimus group and the placebo group at 2 years. The estimated GFR of the everolimus group improved during the first 3 months, before declining over the subsequent months, indi-cating that linear regression does not optimally model the changes in renal function in patients with ADPKD who are receiving everolimus. Increased mTOR kinase activity is not detectable in all cysts 17, 18 ; rapid shrinkage of susceptible cysts during the first months of treatment may underlie the unexpected short-term increase in renal function. Since the mTOR kinase cascade supports glomerular hypertrophy and maintains renal function after the loss of renal parenchyma, 19 a possible mechanism of the effect of everolimus is that the drug initially preserves renal function by inhibiting cyst growth and subsequently reverses glomerular hypertrophy and hyperfiltration. 20 Alternatively, the reversal of renal hypertrophy might reduce the GFR and thereby protect kidneys in patients with ADPKD from long-term damage caused by hyperfiltration. Our study was too short to assess such effects.
In addition, the increased rate of peripheral edema and consequent use of diuretics in the everolimus group may have negatively affected renal function. We cannot rule out that mTOR inhibition has differential effects depending on the stage of disease. In patients with advanced cystic disease, it is possible that fibrosis is irre- versible and thus unresponsive to therapies that could improve renal function, obscuring potential benefits in patients with ADPKD who have preserved renal function. Thus, future studies need to address the efficacy of mTOR inhibitors in patients with less-advanced disease.
Our results are partially discordant with those of preclinical studies of murine models of polycystic kidney disease. Everolimus treatment in our study confirmed the effect of mTOR inhibitors on kidney size but not function, underscoring the limitations of experimental models. In ADPKD, cyst growth is presumed to promote the destruction of kidney tissue and the loss of renal function. [12] [13] [14] However, our results indicate that the slowing of kidney enlargement does not necessarily improve renal function. Thus, total kidney volume is neither a suitable end point for assessing the outcome of therapeutic interven-tions nor an adequate surrogate marker for renal function in patients with ADPKD who have large kidneys and renal dysfunction, at least within a treatment interval of 2 years.
In conclusion, everolimus appears to retard the growth of kidneys in patients with ADPKD but not to slow the progression of renal impairment. The use of everolimus was associated with a high rate of side effects, similar to the rates found with everolimus in patients who have undergone kidney transplantation.
